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Abstract
Forests and forest management can mitigate increased carbon dioxide (CO2) concentrations in the 
atmosphere through sequestration of carbon and/or substitution. A major question has been whether it 
is better to use or conserve forests, with some claiming that European forests carry a huge carbon debt 
as a result of forestry.  
The overall aim of this study was to quantify a baseline for the total carbon stock in the pre-industrial 
forest (PIF) (1800-1850) for the two northernmost counties in Sweden, Västerbotten and Norrbotten, 
and the carbon stock development until 2013. The total carbon storage in the forest was divided into 
three carbon pools, including above and below-ground biomass, soil, and deadwood. Also, the carbon 
sequestered in the harvested wood product (HWP) pool was estimated and added to the analysis. The 
estimated pre-industrial forest state was based on existing studies of forest history and inventory data 
from areas with no or limited impact of forestry. From 1923, inventory data from the national forest 
inventory (NFI) were used. The concept of climate change mitigation efficiency (CCME) was applied 
to describe the total effect of forest use, i.e. the average avoided and reduced CO2-emissions per cubic 
meter of harvested biomass. A sensitivity analysis was conducted on different levels of wood storage in 
the pre-industrial forest and altered soil carbon accumulation rate and substitution effects were analyzed. 
The results showed that a carbon debt had occurred largely during the 19th century and had been 
repaid in 2001. The carbon debt payback time was almost 100 years but could have been faster with a 
product use strategy resulting in higher CCME. The sensitivity analysis shows that the above ground 
carbon stock in the PIF, had the largest impact on the size of the carbon debt. It also confirms that the 
carbon debt was of a temporary character and has most likely been repaid. The present trajectory of the 
forest sectors carbon balance in the study area outlines that active forest management increases carbon 
stocks in the forests and forest-based products. While allowing for substitution of fossil-based products 
and energy-intensive materials. Consequently, climate change is mitigated since the buildup of CO2 
concentration in the atmosphere is countered due to the carbon sink in the forest, HWP and the 
substitution effect from the use of forest products.  
Keywords: Climate change mitigation, Northern Swedish forests, Carbon debt, Substitution, HWP 
 
 
Sammanfattning 
Skogen och skogsbruket kan motverka ökande koncentrationer av koldioxid i atmosfären genom att 
lagra kol i skogen och i skogsprodukter eller genom substitution. En återkommande fråga har varit 
huruvida det är bättre att använda eller spara skogar för att motverka klimatförändringar. Vissa menar 
att europeiska skogar har bidragit till klimatförändringen genom stora nettoutsläpp av koldioxid till följd 
av skogsbruk.  
Det övergripande syftet med denna studie var att försöka bestämma storleken på kollagret i den 
förindustriella skogen (1800–1850) i de nordligaste delarna av Sverige samt hur kollagret har förändrats 
över tid, fram till 2013. Det totala kollagret i skogen var uppdelat i tre kolpooler levande trädbiomassa, 
död ved och mark. Upplagringen av kol i avverkade träprodukter samt mängden undvikna utsläpp till 
följd utav substitution av fossila produkter och energiintensiva material analyserades också. Det 
uppskattade förindustriella skogstillståndet var baserat på befintliga studier i skogshistoria samt 
inventeringar i avsatta områden i studieområdet. En känslighetsanalys på det uppskattade levande 
virkesförrådet samt analyser på förändrad substitutionseffekt och kolupplagringshastighet i marken 
utfördes. 
Resultatet visar att en kolskuld hade skapats under 1800-talets senare hälft men blivit helt eller i det 
närmast helt återbetald under 2000-talet. I studiens grundscenario återbetalades kolskulden på 96 år 
vilket kunde ha minskat om en produktanvändningsstrategi mot mera långlivade träprodukter samt 
mindre pappersmassa hade använts. Känslighetsanalysen visade att kolförrådet i levande biomassa hade 
störst betydelse för kolskuldens storlek och styrker samtidigt ett antagande om att kolskulden har blivit 
återbetald helt eller nästan helt fram till dags dato. 
Denna studie tyder på att skogen och skogssektorn i norra Sverige ökar kollagren i skogen samt i 
träprodukter och tillåter substitution av fossila bränslen och mera energiintensiva material. Följaktligen 
motverkas klimatförändringen eftersom uppbyggnaden av koldioxid i atmosfären motverkas på grund 
av upplagring av kol i skogen, skördade träprodukter och inte minst till följd av de undvikna utsläppen 
som uppstår när trä används istället för fossila material och cement. 
 
Nyckelord: Klimatförändringar, Norra Sveriges skogar, Kolskuld, Substitution, Träprodukter  
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1. Introduction 
There are two key climate change indicators; global surface temperatures and the extent of the Arctic 
sea ice. Both broke several records in 2016 for highest temperatures and smallest Arctic sea ice extent 
(GISTEMP, 2016). The main driver of these changes is anthropogenic activities such as fossil fuel 
combustion, cement production, deforestation and other land use changes releasing greenhouse gases 
(GHG) into the atmosphere (Crowley, 2000). Carbon dioxide (CO2), methane, nitrous oxide and 
fluorinated gases are four major GHGs. The most important GHG is CO2 which in 2010 contributed to 
76% of total global emissions due mainly to combustion of fossil fuels (coal, gas, and oil) and industrial 
processes (IPCC, 2014).  
The process of photosynthesis, both in the aquatic and terrestrial zone, is specifically important for 
the uptake of CO2 from the atmosphere (Read et al., 2001). Since the pre-industrial era, about 40% of 
all anthropogenic CO2 emissions have remained in the atmosphere and 30% have been absorbed by the 
oceans while the rest have been stored in the terrestrial zone within plants and soil (IPCC, 2014). Before 
industrialization global CO2 concentrations in the atmosphere were well below 300 parts per million 
(ppm) but since then these CO2 concentrations have increased rapidly and are now over 400 ppm with 
the largest increase from the second half of the 20th century (Figure 1). Last time CO2 concentrations 
reached these levels was around 4.5 million years ago and global average temperatures were ~3-4°C 
higher than today (Martinez-Boti et al., 2015). The consequences of a changing climate is changing 
biodiversity due to adaptation of ecosystems, rising sea levels, warming of the oceans, ocean 
acidification, storms, pest and drought among other direct and indirect effects which in turn affect human 
health and welfare (Cardinale et al., 2012; Maestre et al., 2012; Midgley, 2012; Knutson et al., 2010; 
Lindner et al., 2010; Hoegh-Guldberg et al., 2007; Parmesan & Yohe, 2003; Sala et al., 2000). 
 
 
 
Figure 1. The Keeling-curve. CO2 reading from the Mauna Loa observatory in Hawaii which has measured CO2 concentrations 
in the atmosphere since 1958 (SIO, 2017).  
The fact that the climate is changing has led to numerous political agreements on a global scale. In 
1994, the United Nations Framework Convention on Climate Change (UNFCCC) entered into force and 
has been ratified by 197 nations. The main objective is to stabilize concentrations of human-made GHGs 
in the atmosphere to prevent interference with the climate system, while ensuring sustainable food 
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production and economic development. Connected to the UNFCCC is the Kyoto Protocol, and recently 
the Paris Agreement represented a substantial step forward in the climate negotiations. The Kyoto 
Protocol’s objective is to reduce emissions of GHGs from anthropogenic activities by binding emission 
reduction targets, which puts a heavy burden on developed countries that are mainly responsible for the 
high concentrations of GHGs in the atmosphere. The Paris Agreement’s goal is to keep global warming 
under 2°C and to eradicate poverty. Article 5, §1 in The Paris Agreement states that parties should act 
to conserve and enhance sinks and reservoirs of GHGs, including forests and that local conditions should 
be taken into account (UNFCCC, 2015). In the European Union’s Climate and Energy Framework, 
targets are set to a 40% reduction of GHG emissions and 27% share of renewable energy in the energy 
portfolio by 2030, relative to 1990 levels (EC, 2014). To achieve these targets an increased supply of 
biomaterials and bioenergy is needed. This supply is expected to come from the forest and agricultural 
sector (EC, 2013), and the future utilization of biomass to reach economic and environmental goals is 
expected to put pressure on European forests (Nabuurs et al., 2007).  
Sweden has an even more ambitious national target of a 40% reduction of GHGs and a 50% 
renewable energy use by 2020 (relative to 1990 levels) and is aiming for zero net emissions of GHGs in 
2045. To reach the national goals the Swedish government commissioned the Swedish Environmental 
Protection Agency to analyze alternatives on how Sweden can be climate neutral, while at the same time 
regard biodiversity and forest ecosystem services. It was concluded that more energy efficient 
consumption is needed together with actions towards more forest growth. Furthermore, an increased 
area of forest conservation can increase the net carbon sequestration but will limit the amount of biomass 
harvested (EPA, 2012). Increased forest growth and yield in managed forest can be used for increased 
wood product utilization that can substitute fossil fuels and more energy-intensive materials such as 
steel or concrete. But, higher intensity in forest management will make it more difficult to meet other 
values in forests like biodiversity (Larsson et al., 2009). Hence, it is evident that measures to increase 
forest biomass production can only be acceptable if they do not compromise deliveries of other 
ecosystem services. 
In Fennoscandia clearcutting is the dominate forest management practice. However, this practice has 
been questioned by environmental organizations and scientists because of the change in forest structures 
and dynamics towards homogeneous forests with low amounts of deadwood, which threatens 
biodiversity (Kuuluvainen, 2002; Berg et al., 1994). Clearcutting has also been questioned for its ability 
to combat climate change. The burning efficiency of woody biomass is lower than for fossil fuels, which 
leads to higher CO2 emissions per unit of energy for combustion of woody biomass. Furthermore, old-
growth forests have huge carbon stocks and the long-standing view that they are carbon neutral has been 
questioned because of the indications that they continue to accumulate carbon. These factors have led 
to different opinions in the climate change mitigation debate. 
A large number of studies show that managed forest and increased substitution of fossil fuels and 
energy intensive materials for the benefit of wood-based products are mitigating increased 
concentrations of CO2 in the atmosphere (Zubizarreta-Gerendiain et al., 2016; Clarke et al., 2015; 
Lundmark et al., 2014; Jandl et al., 2007; Harmon et al., 1990). But, in 2016 Naudts et al. (2016) stated 
that European forestry has had a negative effect on the mitigation of climate change. They claimed that 
in Europe the land-use change since 1750 and the change in tree species composition towards more 
conifers and less deciduous trees affected the radiative forcing (increased warming) and the carbon 
balance between the atmosphere and the terrestrial zone, creating a huge carbon debt (carbon debt, see 
section 2.4). The study received criticism for some simplifications in an otherwise very complex climate 
system. At the same time, they received praise for highlighting other climate change factors than CO2 
concentrations. The carbon debt for European forests was estimated to be 3.1 Pg C in comparison with 
1750 but did not directly account for substitution effects. The study was based on McGrath et al. (2015) 
wherein European forest management was reconstructed from 1600 to 2010 through a supply and 
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demand approach for wood and wood-based products. The same method has also been used for the 
reconstruction of smaller pre-industrial forest (PIF) areas in northern Sweden, and in northern Sweden 
a change in tree species composition is much less pronounced than in Europe as a whole. Moreover, the 
northern parts of Sweden were much less populated and large-scale forestry was introduced much later 
(mid- 19th century), and it is increasingly difficult to find documents and records of forested areas from 
distant past. Therefore, it is of particular interest to reconstruct the total carbon storage in the PIFs of 
the northernmost parts of Sweden, which were the last areas to be affected by large-scale logging in the 
country and where it is still possible to find some information about the status of the forests. This can 
give an estimate with higher accuracy than in McGrath et al. (2015) whom worked with higher 
resolution which gives more uncertainties. 
The first large-scale exploitation of northern Swedish forests has been described as very intense and 
it led to a decline in growing stocks. However, since the first NFI in 1923, growing stocks have stabilized 
and increased but it is still unclear how much forests there were in the PIF in northern Sweden. In this 
sense it is also unclear how large the carbon debt became after the period of intense exploitation. 
Moreover, was that carbon debt repaid since a more active management was introduced in the early 20th 
century? According to Harmon et al. (1990) it can take up to 200 years to repay the carbon debt that 
occur when old-growth forests is converted to plantations (not including substitutional effects) and 
Naudts et al. (2016) stated that Europe’s forest still had a large carbon debt. To answer these questions 
for the northernmost Sweden, the total carbon stock in the PIF areas must be determined which will 
have to be based on old records and documents of forests states and utilizations in Sweden. Though, it 
should be noted that even in the northernmost parts of Sweden indigenous people and early farmers have 
utilized the forests to some extent prior industrialization. That is why the forests cannot be defined as a 
primary forests according to the Food and Agriculture Organization of the United Nations. They defines 
a primary forest as: “Naturally regenerated forests of native species, where there are no clearly visible 
indications of human activities and the ecological processes are not significantly disturbed” (FAO, 
2015). Therefore, the term PIF is used before 1850 and the industrialization and exploitation of northern 
Swedish forests.  
1.1. Aim 
The overall aim of this study was to quantify a baseline for the total carbon stock in the PIFs (1800-
1850) for the two northernmost counties in Sweden, Västerbotten and Norrbotten. The total carbon stock 
included above- and below-ground biomass, deadwood, and soil (O-horizon down to 50 cm mineral 
soil). From this baseline the dynamics of total carbon stock development in the forest was calculated 
until 2013, where carbon in the harvested wood products (HWP) pool along with a substitution effect 
was also included. Four more specific aims of this study were to: 1) quantify a presumed remaining 
carbon debt; 2) analyze the long-term effects of forest management and an increased use of forest 
products with long lifespans on the forest carbon balance; 3) determine a potential carbon debt payback 
time; and 4) conclude how the utilization of forests in the northernmost parts of Sweden have affected 
the carbon concentration in the atmosphere.  
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2. Background 
2.1. Carbon balance of forest 
A forest stand, ecosystem or biome can remove CO2 from the atmosphere and are then referred to as 
a carbon sink and in the reverse scenario a carbon source. A net removal of CO2 occurs as long CO2 
fixation via photosynthesis (gross primary production, GPP) surpluses CO2 emissions via autotrophic 
(Ra) and heterotrophic respiration (Rh). Net primary production (NPP) equals GPP minus Ra. In the 
forest sector, focus is normally on net production of woody biomass (NPPw), in other words the share 
of GPP of the trees minus Ra of the trees allocated to above-ground production and coarse roots. NPPw 
is about half of the NPP. The net accumulation of carbon in an ecosystem, net ecosystem production 
(NEP), is NPP minus Rh. NEP can be considered as the most relevant parameter of carbon balance from 
the atmospheric perspective. If non-respiratory carbon losses (storm, fire, harvest etc.) are added to the 
NEP, we get the net biome production (NBP). In a sustainably managed forest system annual harvesting 
is lower than annual NEP. Harvesting decreases NBP but allows the use of renewable forest products to 
substitute fossil-based products and other energy-intensive materials. Consequently, CO2 emissions will 
be avoided. How the carbon budget in the terrestrial system relates to the atmosphere over time is 
illustrated in figure 2. The above-mentioned carbon fluxes in a forest ecosystem depend on forest 
conditions such as stand structure, tree age and species composition but also on environmental factors, 
natural disturbance and harvesting. An analyses of carbon balance will also depend on the spatial and 
temporal scale that is assumed (IPCC, 2017).  
A large part of European forests is subjected to silviculture, and European forests have proven to be 
sinks also when harvesting is considered (Bellassen et al., 2011; Ciais et al., 2008; Nabuurs et al., 2003; 
Nabuurs et al., 1997). When discussing the terrestrial carbon uptake two different techniques have been 
widely applied; biometric measurements (inventory based) and eddy covariance observations. The eddy 
covariance technique measures the exchange, or fluxes, of gases between the atmosphere and the 
terrestrial zone while biometric measurements quantify differences in the carbon pools.  
 
Figure 2. Terrestrial carbon uptake. GPP (gross primary production) = carbon fixed in the process of photosynthesis. Ra 
(autotrophic respiration) = respiration from plants. NPP (net primary production) = GPP reduced by Ra. Rh (heterotrophic 
respiration) = respiration from decomposition. NEP (net ecosystem production) = NPP reduced by Rh. D (disturbance). NBP 
(net biome production) = NEP over several ecosystems reduced by D. At a global level GPP is approx. 120 Gt C yr-1, NPP is 
approx. 60 Gt C yr-1, NEP is approx. 10 Gt C yr-1 and NBP is approx. ± 1 Gt C yr-1 (IPCC, 2017). 
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2.1.1. Carbon balance of managed forests  
The aim of a managed forest is usually to allow for sustainable harvest levels and an even flow of 
timber. To meet this boundary condition Swedish forests are divided into management units (stands) to 
provide for planning and efficient management. Forestry in Sweden is largely based on clearcutting with 
even-aged forest stands and an even age-class distribution at the landscape level (Yrjölä, 2002). Tree 
growth of managed even-aged stands follows a pattern whereby the current annual increment (≈NPPw) 
increases after stand establishment, peaks when maximum leaf area is attained, and then declines 
(Assmann, 1970). Directly after a regeneration cut a managed forest stand can be a source of carbon, 
but during most of a rotation cycle the stand is a sink (Zha et al., 2009; Desai et al., 2005; Valentini et 
al., 2000; Schulze et al., 1999). Lagergren et al. (2006) found that Swedish forests were a strong carbon 
sink with an average annual NEP of 1.27 Mg C ha-1 yr-1, assuming a steady state (carbon flux equal zero) 
in the soil. Stem volume increment (≈NPPw) across a forest landscape is maximized if the harvest is 
performed when the mean annual volume increment in each forest stand culminates. This occurs when 
the current annual increment intersects with the average annual increment since stand establishment. In 
Fennoscandia forest management development is driven by society’s product demands, resulting in a 
continuous improvement in the efficiency of forestry (Nordin & Sandstrom, 2016; Filip et al., 2000). 
This has led to increased NPPw and lower Rh at the landscape level, allowing for an increased harvest 
without lowering the growing stock. This has been the situation in many European countries as well, 
but less active management during the last few decades has resulted in older forests and signs of 
saturated NEP (Nabuurs et al. (2013).  
2.1.2. Carbon balance of old-growth forests 
Old-growth forests contain large amounts of carbon and NBP is normally low over longer periods, 
and their carbon flux has long been presumed to be in a neutral stage. The idea that old-growth forests 
are carbon neutral comes from the theory that respiration and carbon sequestration in forests and soil 
cancel each other out, meaning that NEP between the biosphere and the atmosphere equals zero (Desai 
et al., 2005). Though, other studies suggest that old-growth forests can continue to accumulate carbon, 
especially in the soil (Wharton & Falk, 2016; Xu et al., 2014; Luyssaert et al., 2008; Zhou et al., 2006; 
Knohl et al., 2003). Luyssaert et al. (2008) studied eddy covariance measurements of old-growth forests 
in the boreal and temperate regions and estimated that forest >200 years had an average NEP of 2.4 ± 
0.8 Mg C ha-1 yr-1 where 1.3 ± 0.8 Mg C ha-1 yr-1 was sequestered in soil, roots, and soil organic matter. 
If an old-growth forest >200 years would sequester as much carbon as suggested by Luyssaert et al. 
(2007) the highest number would correspond to a mean stem volume increment of about 12,8 m3 ha-1 
yr-1. This is equal to a site productivity of a Norway spruce stand on the most fertile soil in the south of 
Sweden. These somewhat controversial findings were challenged by Xu et al. (2014) who compared the 
eddy covariance database of Luyssaert et al. (2007) (used in Luyssaert et al. (2008)) with biometric 
measurements and found that in comparison the eddy covariance measurements overestimated the 
carbon sink and that planted forests had higher NEP. This was due to an exponential increase, with 
increasing NPP, in Rh in natural forests while planted forests Rh seemed to level out. Still, carbon 
accumulation in old-growth forests should be regarded. Yet, carbon flux in old-growth forests does not 
seem to be in a steady state neither in a short nor in a long-time perspective. Knohl et al. (2003) used 
eddy covariance measurements over an old-growth beech forest in Germany and saw that carbon flux 
differed depending on the time of day and year. More than a decade of carbon flux measurements in 
old-growth forests in the American Pacific northwest showed that old-growth forests can oscillate 
between being a carbon sink and a source depending on climate variabilities (Wharton & Falk, 2016). 
It has been suggested that old-growth forests carbon balance might be effected by anthropogenic induced 
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changes in the atmosphere such as increased temperature, CO2 concentrations, and nitrogen deposition 
(Hyvonen et al., 2007).  
 
2.2. Substitution, sequestration, and climate change mitigation 
Sustainable forest management can mitigate the buildup of CO2 concentrations in the atmosphere in 
two ways. One way is sequestration, wherein CO2 is removed from the atmosphere through 
photosynthesis and stored in living and dead biomass and soils. The second way is when HWP substitute 
or displace fossil fuels or more energy-intensive materials for example cement in construction, which 
leads to reduced emissions to the atmosphere and buildup of the HWP carbon pool. This leads to trade-
offs in the climate change mitigation strategy. A reduced harvest leads to an increased carbon stock in 
the forest while reducing the potential for substitution and avoided emissions and vice versa. It is 
important to note that both storage and substitution can be increased by increased tree growth, just not 
at the same time. The NEP determines how much carbon that can be stored and/or used for consumption. 
The importance of a holistic approach that simultaneously consider substitution effects and carbon 
stock changes has been outlined in several studies (Ji et al., 2016; Lundmark et al., 2016; Lundmark et 
al., 2014; Klein et al., 2013; Sathre & O'Connor, 2010; Hennigar et al., 2008) and the benefit of using 
wood products with long lifespans is underlined by (Klein et al., 2013). Furthermore, energy can be 
gained and fossil emissions avoided when wood-based products and fibers are reused (cascade effects) 
(Sikkema et al., 2013). By substituting fossil-based products and energy intensive materials, such as 
fossil fuel, steel or concrete with wood-based products Lundmark et al. (2014) concluded, that if current 
Swedish forestry practice continues it would correspond to 60 million tons of avoided CO2 annually 
within Sweden and abroad. However, effects of substituting fossil-based products and energy intensive 
materials with woody biomass varies a lot between studies and are dependent on several criteria and 
assumptions like wood density, factors connected to harvest and forest management, product 
displacement, and product life span. An important sustainability criterion is that the overall volume 
increment in a forest landscape must be higher than the overall biomass harvested to avoid a net loss of 
carbon from the landscape and a reduced forest resource in the long term. 
One cubic meter of spruce and pinewood contains ≈206 kg of carbon corresponding to ≈755 units of 
carbon dioxide. Climate change mitigation efficiency (CCME) is a substitution factor expressed as 
avoided emissions expressed as Mg CO2-eq/m3 of utilized wood. In different studies, the CCME for 
forest biomass varies between 0,3-1.0 Mg CO2-eq/m3 (Braun et al., 2016; Lundmark et al., 2014; 
Pukkala, 2014; Klein et al., 2013; Werner et al., 2010). A meta-analysis including 21 different studies 
on substitution effects of construction wood performed by Sathre and O'Connor (2010) showed an even 
higher substitution effect that varied between 1.0-3.0 Mg C avoided emissions per Mg C content in 
wood (Mg C/Mg C). Werner et al. (2010) used a CCME of 0,6 Mg CO2-eq/m3 for biofuels while 
Wihersaari (2005) concluded that a substitution rate corresponding to 0,56 Mg CO2-eq/m3 can be 
justified. It should be noted that substitution is additive since avoided emissions represent a climate 
benefit where the effects accumulate over time.   
2.3. Soil carbon 
The world’s forests are large carbon sinks and in the boreal forest most of the carbon is in the soil 
(Pan et al., 2011; Nabuurs et al., 2003; Dixon, 1994). The vegetation turns the captured CO2 into 
polymers, which are the building blocks of different plant tissues. Via litter fall and decomposition some 
of the carbon from the vegetation will add to the soil carbon stock, while some will be emitted back to 
the atmosphere through Rh from decomposing substrates. The soil carbon pool in the boreal forest has 
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developed slowly over a period of 6,000-10,000 years since the last glaciation period and among forest 
ecosystems the largest pool of soil carbon is found in the boreal forest (Janzen, 2004; Raich & 
Schlesinger, 1992). About two-thirds of the carbon storage in a boreal forest ecosystem can be found in 
the soil (Pan et al., 2011; Dixon, 1994). Therefore, short-term significant changes in forest soil carbon 
stocks can outweigh changes in above ground vegetation carbon stocks (Medlyn et al., 2005). Some 
studies indicate that harvesting and site preparation can decrease the soil carbon stocks through loss of 
litter input, changes in belowground vegetation, and altered soil hydrology and temperature, which 
accelerate decomposition and leads to leaching of dissolved organic carbon. (Jackson et al., 2000; 
Kalbitz et al., 2000; Johnson et al., 1995). Others indicate that decomposition rates decrease after 
clearcutting and that harvest residues compensate for reductions of biomass input (Lal, 2005; Yanai et 
al., 2003). Therefore, below-ground carbon stocks must be considered in discussions of carbon 
sequestration in forest ecosystems after wood harvesting (Clarke et al., 2015).  
 
2.3.1. Swedish soil carbon stocks 
The National Forest Soil Inventory (NFSI) collects information about the Swedish soils through 
field-based measurements on permanent inventory plots throughout Sweden. A challenge when 
estimating soil carbon stocks in Sweden and in many other countries is that the dominating soil type is 
moraine which constitutes of an unsorted mixture of particles in different sizes (>0,002mm - <60cm). 
Another challenge when trying to estimate an average soil carbon stock over larger areas is the variation 
in site factors which can greatly impact litter production and decomposition and therefore the soil carbon 
accumulation. These challenges are not unique for Sweden but the consistent, standardized measuring, 
and the permanent inventory plots throughout the country that coincide with the plots for the NFI make 
these datasets among the best in the world. A couple of studies have been conducted based on data from 
the NFI and NFSI on soil carbon stocks in Swedish forests (with different methods and variables 
analyzed) and showed a national soil carbon stock average range from 47 Mg C ha-1 to 93 Mg C ha-1 
(<100cm depth) (Ortiz et al., 2013; Stendahl et al., 2010; Olsson et al., 2009; Agren et al., 2008; Liski 
et al., 2002). Agren et al. (2008) used a model-based approach with NFI data to calculate carbon stocks 
in Swedish forest soils from 1926-2000 and found a national average soil carbon accumulation of 0.075 
Mg C ha-1 yr-1, with an accumulation in the far north of ~0.01 Mg C ha-1 and up to 0.1 Mg C ha-1 in the 
south. Another model-based approach by Liski et al. (2002) showed an annual average soil carbon stock 
accumulation of 0.09 Mg C ha-1 yr-1 in Sweden. Site characteristics that correlate with accumulation of 
soil carbon are latitude, nitrogen deposition, temperature sum, site productivity, and hydrology, which 
negatively correlate with latitude and positively correlate with nitrogen deposition, temperature sum, 
site index and hydrology (Stendahl et al., 2010; Olsson et al., 2009; Agren et al., 2007). Scots pine is a 
more common tree species in the north (NFI, 2016) and Stendahl et al. (2010) showed that Scots pine 
dominating sites contain less soil carbon than Norway spruce dominating sites, in total 57 Mg C ha-1 
and 92 Mg C ha-1, respectively. These factors make the northern parts of Sweden accumulate less carbon 
than the more southerly parts as demonstrated in Agren et al. (2008). 
2.4. Carbon debt 
In this study the concept of carbon debt refers to the reduction in carbon stock that may occur due to 
anthropogenic or natural disturbance of forests, where the loss of carbon is assumed to have been 
released to the atmosphere. It is important to consider both the temporal and spatial scale when analyzing 
the carbon debt in forests. Harvests can lead to a carbon debt when extraction of wood exceeds the 
volume increment. This is typically the case for harvests in old-growth forests with a low level of NEP 
and long recovery times for the growing stock. The carbon debt can be repaid by sequestration of carbon 
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in the re-growing vegetation, in the area harvested, and reduced if the harvested wood is used for 
substitution and/or to increase the HWP carbon stock. A distinction must also be made between carbon 
debt at the stand level and at the landscape level. A carbon debt at the stand level can be compensated 
by regrowth in other stands at the landscape level, while a carbon debt at the landscape level is an overall 
carbon debt of the system.  
Studies have been made on carbon debts in futuristic scenarios with different levels of harvest, 
management systems, and wood use strategies, where carbon balances have been calculated and 
compared. Nabuurs et al. (2017) concluded that with a higher demand on wood for bioenergy a likely 
increase in harvest levels would not create a carbon debt in European forests. This was because the 
volume increment in European forests still exceeded the volume harvested. Pukkala (2017) compared 
simulations of different harvesting scenarios with a scenario where all harvesting had ceased. This 
comparison was made for 210 years and it was concluded that the carbon balance of the ceased 
harvesting scenario was better in the short time perspective while all harvesting scenarios were better in 
a longer time perspective. In Sweden, current annual volume increment is higher than the volume 
harvested and has been so since the start of the NFI in 1923 (NFI, 2016). However, that has not always 
been the case; during industrialization in the mid-1800s, demand for forests in Europe increased sharply, 
and the previously relatively untouched forest that remained in the Nordic countries began to be 
exploited (see 3.2). It is very likely that during this period harvesting exceeded growth at a regional scale 
creating a carbon debt. 
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3. Material and method 
3.1. Study area 
The study included the two counties Norrbotten and Västerbotten in 
northern Sweden (from now on referred to as the study area, see Figure 
3) and was restricted to the productive forest land constituting 
6,593,000 ha, excluding national parks, nature reserves, and set asides 
that are protected from forestry as of 2016. The definition of productive 
forest land is that the stem-wood production capacity is at least 1 m3 ha-
1 yr-1. The areas latitudinal range is from 63°N to 68°N and borders 
Finland and the Baltic Sea to the east and the Scandinavian mountain 
chain to the west with an increasing altitude from east to west, which 
leads to lower productivity to the northwest. This is within the boreal 
and north boreal vegetation zone dominated by coniferous forest. Today 
the average growing stock is 96 m3 ha-1 with a mean productivity of 3.1 
m3 ha-1 yr-1 and a mean age of 60 years. The silvicultural system 
practiced is even-aged management with a rotation cycle ranging from 
80-140 years. Still ~17% of the forests have an age of >120 years. The 
main tree-species are Scots pine (Pinus sylvestris (L.)) and Norway 
spruce (Picea abies (L.) Karst.), which constitutes >80% of the growing 
stock. Harvest levels have over time remained at about the same level 
since 1957 while volume increment and growing stock have increased 
since the 1950s (NFI, 2016) (Figure 4). The study period ranged from 
1800-2013. 
3.2. History of northern Sweden 
In pre-industrial times, human impact on the forest landscape of northern Sweden was limited to the 
indigenous people (Sami) and early farmers (Rautio et al., 2016; Josefsson et al., 2010; Ostlund et al., 
1997). The Sami relied on reindeer herding for their subsistence since the 11th century (Bergman et al., 
2008) and cutting of trees, mainly birch, pine, and snags (standing dead trees), was primarily for 
firewood and building construction (Josefsson et al., 2010). The early farmers also used the trees for tar 
production and manufacturing of tools (Rautio et al., 2016). From the late 18th century and ending in the 
1860s, some farmers produced potash from deciduous trees and locally this was a large industry (Ostlund 
et al., 1998; Tiren, 1937). Tar and potash production had a wider impact on the forest landscape since 
the cutting of trees was not restricted to the immediate surroundings of the settlements (Ostlund et al., 
1997). These pre-industrial land uses have often been neglected, but studies indicate that it can still 
influence the composition and structure of areas, which have been described as untouched by humans 
(Josefsson et al., 2010). On the other hand, these activities had a minor impact on the overall landscape 
in comparison with the exploitation and the effective control of fires that was introduced along with the 
large-scale logging of northern Swedish forest in the 19th century. Along with the industrial revolution 
in Europe there became an increasing demand for construction timber. In the second half of the 1800s 
this led to the establishment of sawmills along the northern Swedish coast, and old growth forests was 
exploited on old large diameter trees throughout the second half of the 19th century (Josefsson & 
Ostlund, 2010). Furthermore, in the early 20th century there was an increasing demand for pulpwood, 
firewood, and small diameter saw timber which allowed for cutting of small diameter trees (Ostlund et 
Figure 3. Sweden, grey area is 
the study area constituting the 
two counties of Norrbotten and 
Västerbotten. 
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al., 1997). With no real consideration for regeneration, this led to a decline in northern Swedish forest 
stocks during the industrialization. Yet, with the aim of a more sustainable forest sector, the first Swedish 
Forestry Act was established in 1903 and put in operation in 1905. It was a forest legislation aimed to 
secure regeneration of forests, stating that everyone who harvested trees was obliged to regenerate the 
forest stands that were cut down (Ekelund & Hamilton, 2001).  
In 1909, Sweden was the first European country to establish national parks (EPA, 2017). A national 
park’s purpose is to maintain the natural state of large areas when it comes to forests flora and fauna, 
and structural dynamics. Nature reserves is another conservation measure with the main purpose of 
species conservation and are not restricted to a specific size. However, predominantly all national parks 
and nature reserves have to some extent been subjected to anthropogenic activities in the past (Josefsson 
et al., 2009). Studies have shown that nature reserves tend to have a lower productivity than the average 
forest land and that they are skewed to old Norway spruce stands in the northwest Sweden (Simonsson 
et al., 2016; Fridman, 2000). Though, lack of natural fire disturbance due to improved fire protection 
has probably allowed these kinds of forest to accumulate biomass without disruption. Before 
industrialization, the coniferous northern Swedish boreal forest was disturbed by fires with a mean 
interval of about 80 years (Zackrisson, 1977; Kohh, 1975).  
In the first half of the 20th century harvests remained at a relatively high level because of an expanding 
pulp and paper industry and the positive effects on the timber market after World War I (Lundmark et 
al., 2013). This meant that Sweden quickly became a wealthy industrialized nation. In the 1950s, 
clearcutting forests with an even age stand structure became the dominant forest management regime in 
Sweden, instead of selective cutting which had been practiced on an industrial scale since the mid-19th 
century (Lundmark et al., 2013). In Sweden there has been a steady increase in total growing stock since 
1923 as previously mentioned but a visible increase in the study area cannot be distinguished until the 
mid-1950s (figure 4.) (NFI, 2016). 
 
 
Figure 4. Moving five-year average growing stock in the study area and Sweden from 1923 until 2013. Primary y-axis growing 
stock Sweden, secondary y-axis growing stock study area. Excluding areas protected from forestry (national parks, nature 
reserves, etc.) as of 2016. Source: (NFI, 2016). 
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3.2.1. Deadwood 
A characteristic of the natural forest landscape in northern Sweden was, according to reports from 
travelers and foresters from the 1700s onwards, a large number of snags (dead standing trees) (Linder 
& Ostlund, 1998; Linder & Ostlund, 1992). According to Linder and Ostlund (1992), deadwood was a 
considerable part of the wood storage but their abundance and part of total volume estimates in historical 
records are scarce. It is presumed that there are and have been low quantities of dead trees in the northern 
boreal forest of Sweden during the 1900s compared with the PIFs due to the continuous removal of 
snags and logs for fuel wood and log-driving constructions (Rautio et al., 2016; Ostlund et al., 2013; 
Linder & Ostlund, 1998). In the same century, there was a general view that the forest should be cleared 
from unwanted trees such as damaged or newly dead trees and it was recommended in the 1979 Swedish 
Forestry Act (SKSFS, 1979:3). However, as of 1993, according to the Swedish Forestry Act (SKSFS, 
1993:2), it is allowed to leave up to 5 m3 ha-1 newly deadwood. The reason behind the previous 
recommendations and the current limit of 5 m3 ha-1 is to minimize the risk for pest outbreaks by removing 
suitable substrate for reproduction of unwanted insects and fungi. Removal of dead trees is the most 
dramatic change in the structure of the boreal Swedish forest landscape and 47% of red listed species 
are dependent on such substrate (Linder & Ostlund, 1998; Berg et al., 1994). From 1996 inventory data 
from the NFI contain information about deadwood in the landscape. Previously, both access and quality 
of information is poor. 
3.2.2. Tree-species distribution and small diameter trees 
Tree species distribution in the 19th century forests is not well documented and difficult to estimate. 
Linder and Ostlund (1998) found a 2-3% mixture of deciduous trees in Orsa Forest Common and Hamra 
State Forest, indicating a low proportion of deciduous trees at the end of the 19th century. Unpublished 
material by Elfing (2014) showed that the mean proportion of deciduous trees in virgin forests in the 
study area was 10% of the growing stock. Today about 15% of the growing stock in the study area 
consists of deciduous trees while areas protected from forestry (e.g. national parks, nature reserves) in 
the study area contained about 16-17% deciduous trees of the growing stock (NFI, 2016). However, tree 
species distribution varies between different areas, and estimations and descriptions may have been 
influenced by earlier human activities such as burning or selective cuttings. 
Like the tree species distribution, small diameter trees also lack documentations in old records. The 
proportion of trees with a diameter <10 cm in breast height (DBH) in areas protected from forestry in 
the study area today is 8% of the growing stock. Corresponding figures for the production forest in the 
study area is about 12% of the growing stock (NFI, 2016). 
3.2.3. Substitution becomes a climate change mitigation factor 
A major part of Sweden’s energy usage in the first half of the 20th century came from coal, and in 
the 1930s it represented more than 50% of its total energy use (SEA, 2017). Yet, in mid-1910s, the 
industry started to utilize more fuel wood, which reduced the amount of coal needed. At the same time 
there was an expansion of the railroad to the north which increased the catchment area for charcoal. 
Also, at the end of the 1920s, large-scale industrial production of concrete commenced. This energy-
intensive material became a competitor to wood-based building materials (SvenskBetong.se). During 
that period, about half of all wood consumption was for household heating, but at the end of World War 
II, both the consumption of wood for households and the usage of coal plummeted in favor of the cheaper 
and more manageable oil (SEA, 2017; Arpi, 1959).  
In the 1950s, Sweden was one of the largest consumers of oil-based products per capita. Oil, gas, and 
coal for fuel, heating, and transportation became the base of today’s society and infrastructure. This led 
to a total dependency on oil as well as a societal vulnerability. When the oil price skyrocketed in the 
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1970s it led to an international oil crisis and an establishment of the International Energy Program in 
1974. To guarantee the completion of the program Sweden adopted a law that could be applied to limit 
oil consumption (SFS, 1975:197). This reformation of the Swedish energy policies led to the search for 
new alternative energy sources. Sweden started to utilize nuclear energy and thereafter renewable energy 
to diminish its dependency on fossil fuels. Its final energy consumption from raw oil and petroleum-
based products in 1970 amounted to 247 TWh while the amount of final energy consumption from 
biofuels represented only 45 TWh. Since then, the use of biofuels increased and are now almost tied 
with raw oil and petroleum based products which have decreased by more than 60% (SEA, 2017). 
Already in 2013, the amount of renewable energy of the total final energy consumption in Sweden was 
about 52% (Eurostat, 2015). Beginning in the 1990s, wood based biofuels increased and are now the 
single largest biofuel source in Sweden (SEA, 2017). The wood-based biofuels in Sweden derive from 
wood residues after harvest, industrial residues from saw-/paper mills, and from demolition and scrap 
wood. 
3.3. Historical data on the state of the forest 
In Sweden, there are almost no forests that show a complete absence of human influence today, 
including nature reserves and national parks (Nilsson & Gotmark, 1992). Therefore, to determine a PIF 
state and to get an idea and understand how forests in Sweden looked like before they were utilized, one 
must turn to historical archives, old studies, documents and reports from northern Sweden and the boreal 
zone. However, consistent and reliable inventory data on forest and forest structures before the 
industrialization in Sweden are scarce. There were no standardized measuring techniques and 
estimations of the state of the forest depended on subjective estimates. The reason for this is that there 
was no need for or interest in more thorough inventories before the industrial utilization of northern 
Swedish forests. Data in this study are mainly from published reports on forest history where historical 
records throughout northern Sweden were used (Table 1). The best data derived from state forests and 
forest commons in the late 1800s. Often inventories were carried out when forest holdings were divided 
or changed ownership and documents on timber sales could be used to assess the growing stock prior 
commercial exploitations (Linder & Ostlund, 1998). However, to get the best estimate possible of the 
growing stock in the PIF, more current inventory data from studies on protected areas such as national 
parks, nature reserves, and set asides were used although lack of natural disturbances must be taken into 
consideration. 
Locations with inconsistent inventory data such as only stem counts or data points with high 
uncertainties at the level of previous harvests, as well as estimates that cannot explain what they are 
based on are ruled out. Because of the previous lack of interest in documentation of deciduous trees, 
small diameter trees and amount of deadwood (particularly lying deadwood) this information had to be 
complemented and generalized in some cases. Data from locations outside of the study area had to in 
the best way possible resemble that of the study area. Growing conditions (site productivity and altitude) 
outside of the study area have been compared and calibrated with growing conditions in the study area, 
based on information from the first NFI (SOU, 1932:26). All volume estimates on growing stocks are 
from the northern parts of Sweden while some data points on deadwood are derived from old-growth 
forests in Finland, Norway, and northwest Russia (Table 2). For practical reasons, the carbon content is 
estimated to be 50% of tree biomass dry weight (DW) (IPCC, 2003). From 1923 data on growing stock 
is derived from the NFI. Data on harvested volumes from 1850 until 1957 are derived from Arpi (1959) 
using mean volumes over five-year periods. From 1957 onwards data from the NFI are used, with a five-
year moving average. 
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3.3.1. Data from studies on historical estimates of growing stocks. 
Four areas did not originate from the study area (Orsa Forest Common, Hamra State Forest, Älvdalen 
State Forest and Finnäs State Forest). They were all included because of the good inventory data and 
the growing conditions were similar to the study area although they have a slightly higher productivity 
because of their latitudinal range (61°N) in comparison with the study area (63°N to 68°N). The first 
three areas outside the study area were considered virgin forest at the time of the first inventory. Orsa 
Forest Common and Hamra State Forest located in the northern part of the county of Dalarna comprises 
56,000 ha and 28,000 ha productive forest land respectively. They were established in the late 1800s 
and considered virgin forests at the time. The standing volume for Orsa Forest Common was 120 m3 ha-
1 and for Hamra State Forest 141 m3 ha-1 (Table 1.) and included dead standing trees but did not include 
trees smaller than 10 cm in breast height (DBH) (Linder & Ostlund, 1998; Linder & Ostlund, 1992). 
Southwest of Orsa Forest Common and Hamra State Forest is Älvdalen State Forest, which 
comprises 49,000 ha of forestland. Like Orsa and Hamra it was established in the late 1800s and the first 
inventory was directed to large diameter trees. The state forest was located on low productive soil and 
some commercial cutting in the 1850s had occurred. The standing volume was estimated at 95 m3 ha-1 
(Table 1) including dead standing trees, not including trees < 10 cm in DBH (Linder & Ostlund, 1998). 
Finnäs State Forest located in Bodsjön in eastern Jämtland became a state forest in 1892. In the year 
1900, the forest was divided and a complete inventory was carried out. The standing volume was 
estimated at 135 m3 ha-1 (Table 1.) but the forest had been utilized for household and a larger harvest 
had occurred (Linder & Ostlund, 1992).  
Vargisåvattnen is a state forest in the county of Norrbotten and was inventoried for the first time in 
1910. Within the state forest, an area of 6,000 ha, which was hardly touched by harvests, contained a 
growing stock of 88 m3 ha-1 (table 1.) (Linder & Ostlund, 1992). 
Tjeggelvas nature reserve in the county of Norrbotten is on the brink of productive forest land close 
to the mountain chain. This nature reserve has a history of no commercial logging but has known 
evidence of Sami settlements. Within this area there is an area that has been minimally affected by 
human activities. In 2009, this area contained a growing stock of 68 m3 ha-1 (see Table 1) (Josefsson et 
al., 2010).  
According to Linder and Ostlund (1992), the Swedish government’s knowledge in the 1800s of the 
forests in the north was inadequate. Therefore, inventories were conducted quite early and in 1870 a 
forest committee was established to assess the forests resources. The committee estimated the growing 
stock in Norrbotten and Västerbotten to be a total of 320 and 280 million m3 respectively. The estimated 
growing stock was criticized by members of the committee for being about 20% too high. Linder and 
Ostlund (1992) estimated that the productive forest land assessed was about two-thirds of what was 
considered to be productive forest land in 1991. In 1991, the productive forest land cover was 3,840,000 
ha for Norrbotten and 3,289,000 ha for Västerbotten (NFI, 1991). Two-thirds of that leads to a growing 
stock in the committee assessment to 125 m3 ha-1 and 131 m3 ha-1 respectively (see Table 1.) This 
included deciduous trees but not trees with a diameter < 10 cm in DBH and industrial logging had 
occurred (Linder & Ostlund, 1992). But this estimation does not include low productive areas within the 
productive forest area. Hence, we can assume that the average volume per hectare for the productive 
forest land at the time was lower. 
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Table 1. References used to determine a pre-industrial growing stock. References contain estimates of growing stock (m3 ha-1) 
for different locations and areas with different inventory years. In parentheses m3 ha-1 are approximate current volumes taken 
from the Swedish Forest Agency’s web-based application for forest basic data, based on laser scanning 2010 (SFA, 2017). 
 1productive forest. 
 2virgin forests. 
 3areas protected from forestry as of 2016. 
 
 
 
 
 
 
 
 
 
 
3.3.2 Deciduous trees and small diameter trees. 
Wherever deciduous trees were not included in estimations, they are expected to constitute 15% of 
total growing stock. Where data on small diameter trees were not included in the volume estimate, a 
small diameter tree distribution (<10cm) of 8% of the volume was used. 
3.4. Present inventory data from protected areas 
In 2016, NFI data on mean growing stock within national parks and nature reserves were 108 m3 ha-
1 in Norrbotten and 163 m3 ha-1 in Västerbotten (Table 1.) (NFI, 2016).  
Voluntary set-asides (VSA) are areas that are conserved to meet with certified driven forest 
management and are also of interest but have a large bias because they mainly derive from managed 
forests. Simonsson et al. (2016) targeted VSA and nature reserves made by the largest forest companies 
in Sweden and showed that the main part of VSA contained growing stocks between 100-200 m3 ha-1. 
In 1988, 13 permanent inventory plots were established by Swedish University for Agriculture and 
Sciences (SLU) in virgin forests in northern Sweden, after which they were reinvented and documented 
in 1997, 2004, and 2014 (Elfing, 2014). Two plots were established in Norrbotten and four plots in 
Västerbotten. The different plots were categorized according to dominant tree species, disturbance 
frequency, and regeneration dynamics. All plots have a history of only minor disturbance and have been 
allowed to accumulate biomass without interruption. The 1988 inventory is of most interest because 
climate change factors have had the least impact on growth. The mean growing stock in Norrbotten was 
219 m3 ha-1 (see Table 1) but one of the two plots contained a deviating high volume of 306 m3 ha-1 
dominated by Scots pine with a mean age of 270 years. In Västerbotten the mean volume of growing 
stock in the virgin forests plots were 127 m3 ha-1 (see Table 1). The mean growing stock for all six plots 
was estimated at 158 m3 ha-1. 
References Location  Coordinates  Inventory 
year 
 m3 ha-1 
(Linder & Ostlund, 
1998; Linder & Ostlund, 
1992) 
Hamra 
Orsa 
Älvdalen 
61° N, 14° E 
61° N, 14° E 
61° N, 14° E 
1891 
1885 
1888 
141 (119) 
120 (86) 
95 (87) 
(Linder & Ostlund, 
1992) 
Vargisåvattnen 
Finnäs 
Norrbotten1 
Västerbotten1 
65° N, 20° E 
62° N, 14° E 
- 
- 
1910 
1900 
1870 
1870 
88 (88) 
135 (160) 
125 (89) 
131 (105) 
(Josefsson et al., 2010) Tjeggelvas 66° N, 17° E 2009 68 
(Elfing, 2014) Norrbotten2 
Västerbotten2 
- 
- 
2014 
2014 
253 
147 
(NFI, 2016) Norrbotten3 
Västerbotten3 
- 
- 
2014 
2014 
108 
163 
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In 2017 an inventory of old-growth forests in the western parts of Västerbotten and Norrbotten was 
carried out by Jenny Dahl, an MSc student at SLU. The area contained large coherent old-growth forests 
mostly in the county of Västerbotten. The forests were not considered to be virgin forest but had a long 
history of being undisturbed by human activities. The mean growing stock for the inventoried areas were 
116 m3 ha-1 (Figure 5).  
3.5. Calculation of carbon pools and forest carbon uptake from 1800-2013 
This study is using biometric measurements to quantify carbon pools and by calculating annual 
differences in these carbon pools quantify the forest carbon uptake (NPPw, NEP, and NBP). Because it 
is based on inventories the GPP and Ra cannot be estimated. Firstly, a total carbon budget including 
whole tree biomass, deadwood, and soil had to be determined for the PIF areas. Secondly, the carbon 
budget development had to be calculated from the PIF until today. Then the buildup of carbon in the 
HWP pool had to be added along with the climate benefit of using wood instead of fossil fuels and other 
more energy-intensive materials. Assumptions are summarized in Table 3. 
3.5.1. Deadwood 
The lack of direct estimates of the amount of dead wood in PIFs called for an alternative approach. 
The parameter with the highest level of certainty was the estimate of living standing wood biomass. 
Deadwood volume in this study was set to 25% of the total living and deadwood stem volume, derived 
from estimates of earlier studies and inventories in old-growth forests where both components had been 
analyzed (see Table 2). From 1955 information on hard deadwood became available in the NFI and from 
1996 inventories of all fractions of deadwood was included. Charcoal and tar production was a 
commercial activity during the late 1800s until mid-1900s (Arpi, 1959). Therefore, in this study the 
estimated amount of deadwood dropped from the levels in 1850 to 4 m3 ha-1 in 1950 and then remained 
constant until inventory data became available in 1996. Four m3 ha-1 is about double the amount of hard 
deadwood recorded between 1955 and 1996, to compensate for the lack of information about lying and 
decaying deadwood. A mean conversion factor of 0.42 Mg DW per m3 deadwood is used. Makinen et 
al. (2006) concluded that carbon content during decomposition remained close to 50% of wood DW. 
This factor is a commonly used assumption of carbon content in woody debris (IPCC, 2003). 
 
Table 2. Amount of deadwood in % of living and dead volume derived from studies on different locations in boreal old-growth 
forests and NFI data from areas protected from forestry in Sweden. 
References Forest type Locality Coordinates % 
(Siitonen, 2001) old-growth 
forests 
Fennoscandia - 28 
(Aakala, 2011) old-growth 
forests 
old-growth 
forests 
Dvina-Pinega 
Pallas-Yllä 
63° N, 44° E 
67° N, 24° E 
 
24 
17 
(Josefsson et al., 2010) old-growth 
forests 
Tjeggelvas 66° N, 17° E 25 
(Elfing, 2014) virgin forest Study area - 27 
(NFI, 2016) areas 
protected from 
forestry 
Study area - 17 
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3.5.2. Biomass expansion factor 
For the estimation of all above- and below-ground biomass in the PIF, biomass expansion factors 
(BEF) by Lehtonen et al. (2004) were used. These BEFs are made for Finnish forests but are based on 
Swedish biomass functions by Marklund (1988). They build upon mean stand age for Scots pine, 
Norway spruce and Birch (Betula spp.). For Birch only above-ground biomass was available, and for 
simplicity, the whole volume was calculated as Scots pine and Norway spruce excluding Birch and other 
minority tree species and assuming the same tree species distribution ratio as in NFI (2016) (Scots pine 
59% and Norway spruce 41%). The mean forest age for the study area is about 60 years (NFI, 2016). 
Table 2 in Lehtonen et al. (2004), gives a BEF for forests with a mean age of 60 years 0.710 for Scots 
pine and 0.791 for Norway spruce, which is used for growing stock according to NFI from 1923-2013. 
For the pre-industrial stage, a BEF for stands >140 years was used which corresponds to 0.690 for Scots 
pine and 0.788 for Norway spruce. These BEFs converts stem volume directly to DW for whole trees 
(foliage, branches, stem, dead branches, bark, stump, coarse roots, and small roots). These BEFs are 
consistent with that of Teobaldelli et al. (2009) and calculations made by NFI.  
 
3.5.3. Soil carbon 
Based on estimations of organic soil carbon stocks and accumulation rates in earlier mentioned 
studies and personal communication (Stendahl, 2017), the soil carbon stock for the study area at the end 
of the study period was determined to be 60 Mg C ha-1 including the humus layer (O-horizon) and 50 
cm mineral soil. The accumulation of carbon in the soil was inspired by Agren et al. (2008) where total 
carbon stocks over different latitudes in Sweden for the years 1926 and 2000 were estimated. Latitudes 
corresponding to the study area gave an accumulation rate of approximately 0.03 Mg ha-1 year-1. This 
was used with the assumption that the mean carbon accumulation has been faster in the last 200 years 
because of a decrease in natural occurring forest fires, compared to a mean soil carbon accumulation 
from the final deglaciation. This study assumes that when the last glacial ice withdrew from northern 
Sweden, around 9000 years ago (GSS, 2017; Cuzzone et al., 2016; Fabel et al., 2006), there were zero 
soil carbon because the ice had scraped it all away. With a total soil carbon storage of 60 Mg C ha-1 in 
2013 the mean carbon accumulation since the end of the last ice age is approximately 0,007 Mg C ha-1 
yr-1. Therefore, an analysis of an alternative soil carbon accumulation rate of 0,007 Mg C ha-1 yr-1 will 
be done. Historic soil carbon storage was determined by subtracting the accumulation rate for each year 
back to 1800. 
 
3.5.4. Harvested wood products 
The starting point for the buildup of carbon storage in the HWP pool is assumed to be 1850. The 
carbon stock and annual carbon stock change of the HWP pool was calculated with the first order decay 
and half-life (HL) function (eq.1) according to IPCC 2013 good practice guidance for estimating and 
reporting emissions and removals of forest management activities within the LULUCF sector to 
UNFCCC (Hiraishi et al., 2013). Calculations for HWP are made for three carbon pools. Sawn wood 
with a HL of 35 years, paper, and paper boards with a HL of 2 years, and wooden boards with a HL of 
25 years.  
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 Eq. 1. 
𝐶𝐶(𝑖𝑖 + 1) = 𝑒𝑒−𝑘𝑘 ∙ 𝐶𝐶(𝑖𝑖) + ��1 − 𝑒𝑒−𝑘𝑘�
𝑘𝑘
� ∙  Inflow(i) 
∆C(i) = 𝐶𝐶(𝑖𝑖 + 1) − 𝐶𝐶(𝑖𝑖) 
 
Where:  
i = year 
C (i) = the carbon stock in the particular HWP category at the beginning of year i, Gg C 
k = decay constant of FOD for each HWP category given in units yr-1 (k = ln(2)/HL) 
Inflow (i) = the inflow of the particular HWP category during year i, Gg C yr-1 
∆C (i) = carbon stock change of the HWP category during year i, Gg C yr-1 
 
For the period 1850-1955, harvested volumes corresponding to the three assortments of the HWP 
pools were taken from Arpi (1959). For the period 1955-2013, an average of 40% sawn wood, 55% 
paper and paper boards and 5% wood-based boards were assumed and calculated over the harvested 
volumes. The exchange of 1 m3 raw material to finished product is assumed to be 50%. Thirty percent 
of the saw logs are expected to go into paper and paper boards as bi-products and 5% is expected to go 
to wood-based panels. The remaining 15% is expected to be instantaneously oxidized as biofuels. 
3.5.5. Substitution 
The intention of this study was not to determine an exact substitution factor rather to illustrate the 
contribution of avoided emissions through substitution to the atmosphere. Since the 1950s and through 
the 20th century a large proportion of the harvested woody biomass in the study area have been used in 
pulp and paper mills were the substitution effect is low. Therefore, a general substitution effect of 0,5 
Mg CO2-eq/m3 of utilized wood (CCME 0,5) is used based on studies mentioned in section 2.2 and in 
particular Lundmark et al. (2014). 
Today more wood biomass is being used in integrated heat and power plants and for district heating, 
which has a higher substitution effect. Also, in the first half of the 20th century a large proportion of the 
harvested woody biomass was used for household heating in effective cast iron stoves, which substituted 
fossil fuels. Thus, an analysis of an altered CCME was conducted. The altered CCME reflected a more 
active management and product use strategy, where a larger part of the small diameter trees went into 
combined heat and power plants instead of pulp and paper mills, and the large diameter trees went into 
products with long lifespan (e.g. construction). The altered CCME was determined to be 0.7 Mg CO2-
eq/m3 of wood based on the work of Lundmark et al. (2014). When the CCME is altered the share of 
products in the HWP pool also change. When a CCME of 0.7 is used the share of sawn timber increases 
by 20%, the share of wood-based panel’s increases by 10% and the share of pulp and paper decreases 
correspondingly. 
The substitution was introduced in the calculation 1920 when wood started to substitute coal, oil, and 
concrete on a larger scale. 
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3.6. Summary of assumptions 
Table 3. Summary of assumptions for calculations of carbon stock from 1800-2013. 1For the BEFs deciduous trees were 
excluded and Scots pine and Norway spruce were calculated over the whole volume with the same tree species relationship as 
in 2016 (Scots pine 59% and Norway spruce 41%). Soil carbon stock development was calculated from the determined soil 
carbon stock in 2013 reduced by the two soil carbon accumulation rates for each year back to 1800. 
 
Variable Parameter Description 
BEF Scots pine > 140 yr1 0,690 Scandinavian boreal forest with mean 
age > 140 years, stem volume (m3) to 
DW. 
BEF Norway spruce >140 yr1 0,788 Scandinavian boreal forest with mean 
age > 140 years, stem volume (m3) to 
DW. 
BEF Scots pine 60 years 0,710 Scandinavian boreal forest with mean 
age 60 years, stem volume (m3) to DW. 
BEF Norway spruce 60 years 0,791 Scandinavian boreal forest with mean 
age 60 years, stem volume (m3) to DW. 
Tree-species distribution in PIFs  Scots pine: 59% 
Norway spruce: 41% 
For calculations of total biomass Scots 
pine and Norway spruce is used for the 
whole volume with same tree species 
relationship as in NFI (2016). 
Distribution of deciduous trees in the 
PIFs 
15% Where information about deciduous 
trees was missing this parameter of the 
total volume was added. 
Small diameter trees <10cm DBH 8% Areas protected from forestry in the 
study area (NFI 2016). 
DW/m3 420 kg Average conversion factor for all tree-
species. 
Mg C/Mg DW 0,5 For living- and deadwood. 
Deadwood 25% Of living and dead volume 
Soil carbon stock (Mg C ha-1) 60 In 2013, O-horizon and 50 cm mineral 
soil. 
Soil carbon accum. (Mg C ha-1 yr-1) 0,007 Mg C ha-1 year-1 since the end of 
deglaciation in northern Sweden 
Soil carbon accum. (Mg C ha-1 yr-1) 0,03 Approx. soil carbon accum. today in 
northernmost parts of Sweden 
(baseline). 
CCME 0,5 More than 50% of the harvested wood 
is going into pulp and paper (baseline). 
CCME 0,7 A larger proportion of the harvested 
wood is being used in integrated heat 
and power plants instead of pulp and 
paper production. 
HWP Eq.1. Calculated on harvested volumes since 
1850 with half-life functions of 35 
years for sawn wood, 25 years for 
wooden boards and 2 years for pulp and 
paper. 
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4. Results 
4.1. Total carbon stocks, carbon debt and carbon pool development 
The estimate of the PIFs growing stock (1800-1850) was based on literature studies and other 
available information from the study area, as mentioned in sections 3.3 and 3.4. The different values of 
growing stock in representative stands can be seen in Figure 5, where they are presented on a timeline 
based on year of inventory.  
 
Figure 5. Growing stocks and inventory years for different locations from inventories, studies, forest surveys or records. Each 
dot represents one site or area. Volume of deciduous trees and small diameter trees have been added where that information 
was missing. Orsa, Hamra, Älvdalen and Finnäs included dead standing trees in the volume estimate. 
 
Summarizing the available information presented in Figure 5 the pre-industrial growing stock for the 
period 1800-1850 was weighted to 130 m3 ha-1. With the assumptions made in section 3.5 the total 
carbon pool during the same period was 111.7 Mg C ha-1 (Figure 6).   
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Figure 6. Relationship between carbon pools in the baseline carbon storage (Mg C ha-1) from 1800-2013. 
 
The total carbon stock and the carbon pool development show that a carbon debt had occurred (Figure 
6). If we only look at the three carbon pools in the forest (biomass, deadwood, and soil) the carbon debt 
was largest in 1951 and estimated at 27.2 Mg C ha-1. However, when the effect of avoided emissions 
through substitution and carbon storage in the HWP pool is considered the repayment of the debt starts 
earlier and maximum carbon debt was reached 1923 corresponding to 24,1 Mg C ha-1 (figure 6). In the 
end of the study period the carbon debt has not been repaid when only carbon stored in organic material 
and soil is considered but when avoided emissions and the HWP pool are added to the carbon balance 
the carbon debt was repaid in 2001 (figure 6). 
The results show that the largest decrease in carbon pools occurs in above ground biomass, which at 
its lowest was less than half of that in the PIF (Figure 6). However, since then, carbon accumulation in 
biomass has increased, and in 2013 the biomass carbon stock was about 79% of that in the PIF (Table 
4).  
The largest relative difference was in the deadwood carbon pool, which was a significant part of the 
total carbon storage in the PIF. But, because of forest management and earlier recommendations in the 
Swedish Forestry Act this carbon pool diminished and only accounts for about 1% of the total carbon 
storage in 2013 in comparison with about 8% in the PIF. Consequently, the carbon storage in the 
deadwood carbon pool has decreased with 89% since 1850 (table 4). 
The largest increase in climate benefit comes from the accumulated avoided emissions to the 
atmosphere, which in this study is proportional to the harvest, as is the HWP pool. The accumulated 
amount of avoided emissions to the atmosphere from 1920-2013 was 108.8 Tg C or 399 Tg CO2-eq for 
the forestry sector in the study area. The amount of carbon in the HWP pool has slowly increased since 
1850 and accounted for only 3% of the total carbon stored in organic wood material and soil in 2013. 
From 1850 until the 1950s, a lot of the wood was used for energy in household consumption, which 
leads to instantaneous oxidization. Furthermore, a large share of the harvested wood was used in the 
pulp and paper industry, which has a half-life of only 2 years. 
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The carbon stored in the O-horizon and down to 50 cm of mineral soil is the largest carbon pool in 
the forest ecosystem (table 4). The total amount of carbon in the soil in 1850 was 54.7 Mg C ha-1 and 
has steadily increased since 1850 (Figure 6). 
Table 4. Comparison of carbon pools and total carbon storage for the period 1850-2013.   
 
4.2. The forest carbon uptake 
The forest carbon uptake expressed as NEP was determined by estimating annual change in the 
different components of the total carbon balance. The NPPw and the changes in soil and deadwood 
carbon stocks was added to get a value of NEP. Since NPPw has steadily increased since the 1970s and 
accumulation of soil carbon was assumed to be constant the NEP follows a similar pattern as the NPPw. 
The mean NEP for the period 1996-2013 was 1.06 Mg C ha-1 yr-1 and for the period 2003-2013 it was 
1.13 Mg C ha-1 yr-1. The mean NBP in the baseline 1957-2013 was 0.28 Mg C ha-1 yr-1 and for the period 
2003-2013 it was 0.48 Mg C ha-1 yr-1 indicating that net growth of the forests exceeded harvest levels.  
The study areas ability to act as a carbon sink or a carbon source was analyzed by estimating NBP 
over the whole study period. In addition also two alternatives where analyzed where also the substitution 
effects was included to also consider the use of harvested forest biomass. This was done by using two 
levels of CCME. NBP from 1800 to 1850 was slightly positive (meaning that the forest land was a 
carbon sink) as a result of the annual increase in total soil carbon. In 1850 the NBP dropped because of 
the introduction of large-scale logging, and the forested land became a carbon source. The NBP steadily 
dropped until 1923. From 1923 the NBP started to increase in the study area but it was not until the 
1950s that the forested land itself became a carbon sink. Ever since, the NBP has steadily increased 
making the study area a strong carbon sink (Figure 7). The mean NBP in the baseline demonstrates an 
increasing trend. But, as mentioned the forest alone is not the only contributor to mitigating climate 
change. By adding CCME to the carbon balance a more appropriate measure of climate benefit (in terms 
of carbon) of the forest and forestry is obtained. By doing so the study area became a carbon sink in the 
1930s and from there it has been a net sink of carbon repaying the carbon debt created in the 1850s and 
combating increasing CO2 concentrations. The overall climate change mitigation benefit of the forest 
and the forestry sector, in terms of carbon sequestered and avoided emissions to the atmosphere, is 0.73 
Mg C ha-1 yr-1 for the period 2003-2013. About 14% of this is related to permanently avoided emissions 
of CO2-eq to the atmosphere when woody biomass is used instead of fossil fuels and more energy-
Variable    1850 2013 
soil carbon    49% 59% 
biomass    43% 37% 
deadwood    8% 1% 
HWP    - 3% 
Tot. Mg C ha-1    111,7 102 
avoided emissions (Mg C ha-1)    -  
CCME 0,5    - 16,5 
Tot. Mg C ha-1 incl. avoided emissions     118,4 
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intensive materials. Forests and current forest management and product use in the study area has in the 
period 2003-2013 annually contributed to 17.7 Tg CO2-eq in the mitigation of increasing CO2 
concentrations in the atmosphere. This is equivalent to about 33% of total emissions in Sweden in 2016. 
Assuming an increased use of wood and woody biomass for long lived products and high efficiency 
energy transformation (CCME 0.7) a further increase of the overall climate benefit of the forest and 
forestry sector can be obtained (Figure 7). 
 
 
 
Figure 7. Moving 20-year average NBP from 1800-2013. By adding the CCME from the use of wood and carbon stored in 
HWPs to the NBP we get the total climate change mitigation benefit when it comes to the mitigation of increasing CO2 
concentrations in the atmosphere. Above grey line = carbon sink; below grey line = carbon source. 
 
4.3. Sensitivity analysis and alterations of independent variables 
The sensitivity analysis on the growing stock in the PIF shows that a decrease/increase by 30 m3 ha-
1 in average growing stock will decrease/increase the average total carbon stock with about 12% (Table 
5). The carbon debt with 30 m3 ha-1 lower than the baseline in the PIF will be 11.6 Mg C ha-1 or 76 Tg 
C in total, which is equivalent to 280 Tg CO2. The break-even point or the carbon debt payment will 
then occur about 25 years earlier (1976) (Figure 8 & Table 6). If the average growing stock in the PIF 
is increased by 30 m3 ha-1 the sensitivity analysis shows that the carbon debt has not yet been repaid 
(Figure 8). However, a simple linear regression shows that the carbon debt is expected to be paid around 
2022 (Table 6). Assuming that sustainable forest management in terms of harvesting in relation to 
growth was introduced in 1905 (the first forestry act) the carbon debt payback time for the baseline is 
96 years. When the growing stock in PIFs is lowered by 30 m3 ha-1 the carbon debt payback time is 
decreased by 25 years and when it is 30 m3 ha-1 higher the carbon debt payback time is increased by 21 
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years (Table 6). The difference in the carbon debt payback time for the different growing stocks in the 
PIFs also shows that the carbon sink strength of the forest and the forestry sector is increasing every 
year, making for faster carbon debt payment, as is demonstrated in Figure 7.   
 
Figure 8. Sensitivity analysis of 130 ± 30 m3 ha-1 in PIF. Break even or carbon debt payment occurs when dashed line intersects 
solid line. 
   
Table 5. Total carbon storage and relationship between the carbon pools, in the PIFs, when the growing stock is altered ± 30 
m3 ha-1.  
m3 ha-1 (yr 1850)  - 30 130 +30 
Tot. Mg C ha-1  98,6 111,7 124,7 
soil carbon  56% 49% 44% 
biomass  37% 43% 47% 
deadwood  7% 8% 9% 
 
The analysis of altered soil carbon accumulation (Figure 9) shows that a mean soil carbon of 0.007 
Mg C ha-1 yr-1 would have prolonged the carbon debt payment for about nine years. In comparison with 
the baseline (Table 6). Because soil carbon storage in the PIF was calculated by subtracting the soil 
carbon accumulation from the soil carbon storage in 2013 for each year back to 1800, the total soil 
carbon stored in the PIF in 1850 would have been 9% higher with the slower soil carbon accumulation.  
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Figure 9. Difference in carbon debt payment between the baseline soil carbon accumulation and if the soil carbon 
accumulation has accumulated slower (0,007 Mg C ha-1 yr-1) based on the assumption of equal accumulation pace since the 
last ice age. 
 
The analysis of altered CCME (Figure 10) shows, that if the northern Swedish forestry sector would 
have increased the share of harvested wood that goes into long lived products and increased the 
utilization of woody biomass in integrated heat and power plants and decreased the amount of pulp and 
paper production, the carbon debt payment time would have been shortened by seven years (Table 6). 
It also shows that the difference between the higher CCME and the baseline increases every year (Figure 
10). 
 
 
Figure 10. Difference in carbon debt payment if wood products had been directed to more long-lived products and a larger 
share of woody biomass had been used more energy efficiently than for the production of pulp and paper, in comparison with 
the baseline. 
0
20
40
60
80
100
120
140
To
t. 
M
g 
C 
ha
-1
Year
Baseline 0,007 Mg C/ha/yr
0
20
40
60
80
100
120
140
To
t. 
M
g 
C 
ha
-1
Year
Baseline CCME 0,7
25 
 
The amount of carbon stored in the HWP pool in 2013 for the baseline was 2.9 Mg C ha-1 or 19 Tg 
C in total for the study area, which is equivalent to about 70 Tg CO2. When the higher CCME is used 
the amount of carbon in the HWP pool in 2013 amounted to 3.3 Mg C ha-1 or 21.7 Tg C in total, which 
is equivalent to about 80 Tg CO2. The mean HWP pool carbon accumulation from 1850 until 2013 was 
about 0.018 Mg C ha-1 yr-1 indicating that in total the inflow to the HWP carbon pool has been larger 
than the outflow (degradation). Mean carbon accumulation in the HWP pool for the period 1957-2013, 
where data from the NFI are available, was 0.024 Mg C ha-1 yr-1. 
 
Table 6. Outcome from the sensitivity analysis and altered soil carbon accumulation and CCME on different dependent 
variables. 
Independent variable Dependent variable Alteration, Independent 
variable 
Results, Dependent variable 
PIF (m3 ha-1) Deadwood (m3 ha-1) 130 ± 30 9,1 ± 2,1 
PIF (m3 ha-1) Carbon debt in the forest  
(Mg C ha-1) 
Including CCME and HWP 
(Mg C ha-1) 
130 ± 30 
 
130 ± 30 
-27,2 ± 12,5 
 
-24,1 ± 12,5 
PIF (m3 ha-1) Carbon debt payment (year) 130 ± 30 2001 +21/-25 
PIF (m3 ha-1) Carbon debt payback time 
(years) 
130 ± 30 96 +21/-25 
Soil carbon 
accumulation (Mg C 
ha-1 yr-1) 
Carbon debt payment (year) 0,03/0,007 2001/2010 
Soil carbon 
accumulation (Mg C 
ha-1 yr-1) 
Total soil carbon in PIF 
(1850) (Mg C ha-1) 
0,03/0,007 53,6/58,5 
CCME (Mg CO2-
eq/m3 wood) 
Carbon debt payment time 
(year) 
0,5/0,7 2001/1994 
CCME (Mg CO2-
eq/m3 wood) 
HWP 2013 (Mg C ha-1) 0,5/0,7 2,9/3,3 
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5. Discussion 
In this study, a total pre-industrial carbon stock including the three carbon pools soil, biomass, and 
deadwood was determined for the northernmost part of Sweden constituting the two counties Norrbotten 
and Västerbotten. The reference level of total carbon stock before industrialization rest for the most part 
on the forest committee assessment in the 1870s of the northern Swedish forest, present inventories from 
nature reserves, virgin forests, and old-growth forests. The Orsa Forest Common, Hamra State Forest 
and Älvdalen State Forest have been regarded because of their description of being virgin forest at the 
time of inventory in late 1800s, but considerations are taken to the fact that they are located in regions 
with higher productivity. All other information on pre-industrial wood storage from studies and 
inventories has been used as supporting materials (Figure 5). In the 1870s forest committee assessment, 
the average growing stock for the inventoried area was 137 m3 ha-1. However, members of the forest 
committee considered the assessment to be 20% lower in the area. If this is the case is hard to determine 
but the interest in that time and for the committee was to assess the timber supply. Moreover, Linder 
and Ostlund (1992) estimated that the area assessed was about two-thirds of what we consider to be 
productive forest land in 1991 because low productive areas was not included. This makes the committee 
assessment a bit biased because of the probability that many areas with lower productivity were 
disregarded and are not accounted for. Therefore, if the whole study area was considered the average 
standing volume per hectare in the forest committee assessment should have been lower. 
Today, the mean growing stock in nature reserves in the study area is approximately 135 m3 ha-1. 
Nature reserves have shown to be skewed to low productive areas but at the same time they have 
accumulated biomass without major disturbances. The inventoried virgin forests in the study area have 
a mean growing stock of 158 m3 ha-1. Yet four out of six plots are located in Västerbotten where the 
productivity on average is slightly higher than in Norrbotten. The growing stocks in the different plots 
ranged from a high 306 m3 ha-1 to a low 81 m3 ha-1 in 1988. This shows that the study area contains areas 
with both high growing stocks and productivity as well as areas with low growing stocks and 
productivity. These areas are also biased because of the non-existing large disturbances (in particular 
fires) that otherwise were more common in the PIFs. The old-growth forests showed a mean growing 
stock of 116 m3 ha-1. The old-growth forests were for the most part located in Västerbotten, which should 
decrease the average standing stock if more plots from Norrbotten was considered in the estimate. In 
summary, taking all this into account the estimated total carbon stock in the study area before 
industrialization must be seen as realistic. 
The increased global demand for timber made harvest in the north of Sweden profitable, and focus 
was initially to harvest trees with large diameter selecting stands with high growing stocks. Yet, after a 
while forest stocks started to decline because there were no thoughts about regeneration and the natural 
regeneration was very slow because of the barren land and climate conditions. This harvest was 
unsustainable in the long term because it was conducted in old-growth forests with low volume 
increment at a landscape level, and the overall wood volume increment could not make up for the wood 
that was taken out from the forests. In the beginning of the 20th century, laws and regulations were 
implemented to increase and sustain volume growth but biomass stocks did not change much until the 
1950s when it started to increase steadily. The expanding forest industry was at this time influenced by 
an upcoming fear of a future shortage of timber supply. This fear emerged because of the low volume 
increment in the forests that had been left after the earlier selective cuttings. Therefore, many forest 
stands with unsatisfying production were cut down early to speed up the process of changed forest 
management to the even-aged management regime. This led to a decline in total forest stocks in that 
period. The increase in growing stocks in the 1950s was not because harvest levels decreased but because 
the growth increased. The reason for this has been suggested to be forest science development together 
with Swedish forest policies and strong private forest owner associations (RSAAF, 2015). 
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The results show that the carbon debt was at its highest in the 1920s. It cannot be determined if the 
total forest carbon stock was even lower prior 1923 (first NFI) because of the non-existing data from 
that period but an exact estimation about the magnitude of the carbon debt is of minor importance. What 
is important is that a carbon debt was created during the 19th century and that present forestry is no 
longer a carbon source. This study shows that the carbon debt in the study area has been repaid while at 
the same time providing ecosystem services and bio-based products for the human society. This is when 
the substitution effect of using woody biomass and carbon stored in the HWP pool are included. 
However, if one only look at the carbon stored in the ecosystem the carbon debt has not been repaid and 
simple calculations of the current rate of carbon sequestration in the study area suggest that the carbon 
payback time would have been around 160 years. In other words, almost in line with Harmon et al. 
(1990). The apparent transition from unmanaged forest to high stand plantations agrees with McGrath 
et al. (2015) and a suggested carbon debt for Europe´s forest stated by Naudts et al. (2016) seems to 
apply for the northernmost parts of Sweden when substitution effects are not included. Yet, the need to 
include substitution effects when calculating the climate benefit of forests and forestry stated by authors 
in section 2.2, adds importance to this study and the conclusion that the carbon debt for the study area 
has been repaid. 
The substitution effect in this study was primarily based on Lundmark et al. (2014), where the CCME 
0.5 was based on a mapping of the entire Swedish forestry sector and the CCME 0.7 on a scenario with 
higher energy efficiency and long-lived wood products. The substitution effect came into effect in 1920 
when coal was a big part of the industrial energy supply and when industrial production of concrete 
commenced. Thereafter, oil became an energy supply to be reckoned with. If the Swedish forestry sector 
had not been so influential for the Swedish economy, there is a chance that the major efforts to maintain 
high volume-growth in the forests and a steady flow of timber to the industry would not have been 
conducted. Thus, it is probable that more fossil fuels to meet energy demands and more cement in 
construction would have been used if Swedish forestry would have been absent. Consequently, that 
would probably have led to higher CO2 concentrations in the atmosphere. The substitution effect was 
calculated for all harvested volume which of course can be questioned if all harvested wood leads to 
avoided emissions and not increased consumptions but that distinction is almost impossible to make. 
That is why in this study we assume that if wood-based products would not be on the market the gap in 
energy and building materials etc. would have been filled with more energy-intensive materials or fossil 
fuels. By using wood products from what we can call a biogenic carbon consumption cycle (wood is 
being used for consumption and biogenic carbon emissions are being sequestered in the forest), 
emissions to the atmosphere are being avoided because fossil-based products are displaced and fossil 
carbon is being kept from the atmosphere. Because of the long rotation of millions of years in the fossil 
carbon cycle, and with our perception of time, substitution effect can be equal to forever avoided 
emissions which accumulates over time. 
The growing stocks from inventories in the study area show that local variations between forest 
stands can differ a lot from areas with low productivity and low growing stocks to areas with high 
productivity and growing stocks. That is why a sensitivity analysis was conducted. An important 
conclusion of the sensitivity analysis, apart from the more obvious fact that the carbon debt is repaid 
earlier with lower growing stocks in the PIF and vice versa, is that the carbon debt payment time is 
decreasing from the baseline and forward in time (Table 6). This indicates, just as the NBP does (Figure 
7), that the climate benefit of the forest and forestry in the study area is increasing for every year. 
Lagergren et al. (2006) made model-based simulations covering Sweden and estimated the NEP for 
Västerbotten and Norrbotten to 1.2-1.6 Mg C ha-1 yr-1 for the period 2000-2001. This is more than 
estimated in this study, where the NEP in the year 2000 were 1.06 Mg C ha-1 yr-1. This study, however, 
represents the whole landscape of the study area, while Lagergrens study is based on eddy covariance 
measurements where towers measuring the gas fluxes can only reflect a certain part of the landscape 
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and must be generalized to a large extent. Also, the removal of harvested wood via thinning’s has a more 
significant impact on this study when changes in the biomass carbon pool are measured in addition to 
the use of eddy covariance where the gas fluxes are being measured. The carbon in the harvested wood 
from thinning is being emitted elsewhere and are not accounted for in the eddy covariance measurements 
while thinning has shown signs to increase photosynthesis and therefore generate a higher NEP. The 
NEP presented in this study is also significantly lower than the NEP in old-growth forests presented by 
Luyssaert et al. (2008). Yet, only 30% of the plots in Luyssaert et al. (2008) stemmed from boreal forests 
while the rest were temperate forests and Yuan et al. (2009) showed that NEP decreased from the equator 
to the poles. This might affect the transmissibility of Luyssaert et al. (2008) to boreal forests. 
A potential error of this study and in the use of biometric measurements is, for example the lack of 
data on the respiratory effects from the soil, ground vegetation, leaves, and small woody debris in 
comparison with the eddy covariance technique where gas exchange between the atmosphere and the 
biosphere is being measured. However, just as biometric measurements have its weakness the eddy 
covariance technique also has been questioned about its accuracy because of periods with shifting air 
turbulence and tendency to overestimate the NEP (Xu et al., 2014). Therefore, a combination of these 
two techniques should be applied more often. 
Berg et al. (1994) and Linder and Ostlund (1998) described the removal of deadwood as the most 
dramatic change in forest structure. This is reflected in this study where the largest relative difference 
was that of the deadwood carbon pool. Old-growth forests can produce larger amounts of deadwood in 
relation to managed forests because of the regular harvesting of mature and damaged trees. In this study 
the amount of deadwood was based on the proportion of deadwood in other old-growth forest with 
similar growing conditions. The results showed that about 8% of the total carbon budget in the PIF was 
contained in the deadwood carbon pool, but old-growth forests have shown to contain even larger 
quantities of deadwood. Harmon et al. (1990) estimated that about 20% of the total carbon stock in a 
450-year-old Pesudotsuga-Tsuga forest was contained in deadwood and the forest floor. The amount of 
deadwood in virgin forests dominated by Norway spruce close to the mountain chain have shown to be 
able to contain volumes of 70 m3 ha-1 (Linder & Ostlund, 1992). This is more than what is reported by 
the food and agricultural organization for the world´s forests in total. Which in line with this study 
reported that 8% of the total carbon in forest ecosystem is contained in the deadwood carbon pool (FAO, 
2015). On the other hand, reported volumes can differ between studies depending on inventory methods 
and should be compared with caution (Soderberg et al., 2014). Also, the spatial and temporal distribution 
differs because the amount of deadwood is not in a steady state depending on disturbance regimes 
(Aakala, 2011), and Lamlom and Savidge (2003) showed that carbon content in deadwood varied within 
and between species and decomposition stages. Furthermore, the generally accepted carbon content of 
50% of DW in deadwood has also been questioned. Studies indicate that the generally used carbon 
content of 50% is a large simplification and will lead to overestimations of deadwood carbon pools 
(Weggler et al., 2012; Harmon et al., 1986). Therefore, there is a probability that the deadwood carbon 
pool in this study should have been somewhat lower. 
Thinning in forest management leads to decreased natural drainage that otherwise would have added 
to the deadwood carbon pool. The 2013 HWP and deadwood carbon pool is about half of the pre-
industrial deadwood carbon pool (and increasing) which implies that we take some of the deadwood 
carbon pool out of the forest and place it in materials and products in society while about half of the 
harvested wood is instantaneously oxidized. 
The main part of the results of this study is explained by differences in living biomass, harvested 
wood, and deadwood but soil carbon is also a big part of the total carbon pool and must be accounted 
for. The main concern is the accumulation of carbon in the soil and how it differs depending on stand/site 
characteristics and other abiotic factors. Studies indicate that the accumulation in Swedish forest soils 
is positive but there is a gap in knowledge about factors governing the accumulation of carbon in the 
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soil such as leaching of dissolved organic carbon and continuity in stand characteristics and forest cover. 
According to Agren et al. (2007), it takes about 200 years for soil carbon in a forest ecosystem to reach 
50% of a steady state but about 10,000 years to reach 80%. This means that if you consider the end of 
the ice age to be the starting point for the buildup of soils and accumulation of soil carbon in northern 
Swedish forests, these soils might barely have reached 80% of a steady state under optimal conditions. 
At the same time, Agren et al. (2007) state that when carbon is lost it takes about 250 years to lose 50% 
and another 10 000 years to lose an additional 50%. If soil carbon accumulation is mostly driven by the 
amount of litter production, coarse woody debris, and fine roots and depending on a forest cover for 
accumulation, it might have affected the accumulation of soil carbon negatively during the early 
exploitation. On the other hand, in the 19th century extraction of wood from the forest was mostly 
directed to large diameter timber and large parts of the trees (large tops and branches) were left on site. 
Simultaneously, barking occurred in the forest and these factors could have contributed to a positive 
accumulation in the soil carbon stock. 
Because the PIF soil carbon stock was determined from present soil carbon stock by subtracting the 
accumulation rate for every year until 1800, the accumulation rate in the baseline was more beneficial 
for silviculture when it comes to comparing total carbon budgets in comparison with the lower soil 
carbon accumulation. However, as mentioned, the higher soil carbon accumulation rate was based on 
actual studies in Sweden, while the lower was based on a mean accumulation rate since the last ice age. 
Since the end of the 19th century, the improved fire protection diminished the frequency in natural 
occurring forest fires, which should decrease the amount of soil carbon that is being lost from the system. 
Depending on fire intensity, parts of the forest floor carbon and vegetation carbon will be emitted to the 
atmosphere during a fire. Simultaneously fires can create large amounts of deadwood. Lal (2005) 
highlighted important features of several reviews about forest soil carbon stock and found that most 
often forest fires decreased soil carbon stocks. Therefore, the soil carbon accumulation rate in the 
baseline probably better reflects the true value for the study period since there has been a decrease in 
frequency of wild fires. 
At the time of harvest, there is the theoretical possibility to disregard that decision and leave the 
forest to grow further. When a managed forest stand is harvested there will be some time to repay the 
carbon debt. However, when the debt is paid there will still be a difference between the current carbon 
stock and avoided emissions, and the carbon stock that would have been if the forest stand had been 
allowed to grow. When this difference is zero the concept of parity is reached (Nabuurs et al., 2017). 
With regard to the effects of climate change on volume growth and carbon accumulation in the soil, the 
carbon budget of old-growth forests might also benefit from this. Yet, the difference between how the 
northernmost Swedish forests could have evolved if harvests had never occurred in comparison with the 
current stage is not addressed here. That would have demanded more variables about the PIF stage to 
be able to make credible simulations over time. At the same time, parity is very hypothetical and the 
chance that forests will be affected by storms and fires increases with stand age, especially when also 
the effects of climate change is considered (Kasischke et al., 1995). In Sweden, forests are expected to 
increase growth and accumulate more carbon from the atmosphere (Hyvonen et al., 2007) but with 
increasing temperatures, forests storm sensitivity increases when the ground frost during winter 
decreases. Furthermore drier and hotter summer months will increase risks for large forests fires when 
temperatures will move towards limits when these are more frequently occurring. Old-growth forest 
with huge carbon stocks are then at high risk to become large sources of carbon to the atmosphere. 
For forest management, two major questions should be addressed; how is forest management going 
to evolve to minimize the risk of damage to the forest due to climate change? And how can forest 
management mitigate climate change? A negative effect of silviculture on carbon stocks has been 
described as mineralization of carbon, which leads to leaching due to large soil disturbance. However, 
Egnell et al. (2015) showed that some negative effects associated with silviculture can be mitigated by 
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forest management. Barring et al. (2017) developed climate indices for climate proofing of operational 
forestry and concluded that forest management should already today include climate change aspects in 
activities related to forestry. Seidl et al. (2014) outlined that forest disturbance in Europe due to climate 
change induced storms, pests and wildfires have increased and that forest management and forest 
policies should regard disturbance risk and resilience. At the same time, Nabuurs et al. (2013) showed 
that forest biomass in Europe has started to reach a level of carbon sink saturation and that forest 
management and policies need revision. When discussing the climate benefit in the carbon balance of 
different silviculture systems Lundmark et al. (2016) concluded that the vital choice is not the 
silviculture practice per se, but the growth, yield, and product use strategy although other parameters 
such as high bio-diversity must also be regarded. 
As highlighted by Naudts et al. (2016), other factors within forests and forest management may also 
have an influence on the climate. For example, the choice of tree species can influence the albedo both 
by trees physiological character and by the amount of water transpiration to the atmosphere. Thus, 
carbon sequestration in the terrestrial system and avoided emissions to the atmosphere may not be the 
only factors within the forest sector that can mitigate climate change but it is probably one piece of the 
big climate change mitigation puzzle. 
5.1. Conclusion 
This study concludes that the exploitation of the northernmost Swedish forest in the 19th century 
temporary contributed to increased concentrations of CO2 in the atmosphere and that a carbon debt was 
created. However, with the introduction of sustainable forest management and harvest levels that did 
not exceed the annual volume increment Swedish forestry became not only climate neutral but also 
beneficial for climate change mitigation. When wood-based products and biofuels started to act as a 
substitute for fossil fuels and cement, the climate benefit of forestry was greatly enhanced. From the 
1930s and onwards Swedish forestry in the study area has offset the increasing concentrations of CO2 in 
the atmosphere. 
With the assumptions made in this study, the carbon debt inherited from the 19th century has been 
repaid, and with continued management, increased growth, and high efficiency substitution Swedish 
forestry will continue to mitigate increased atmospheric CO2 concentrations in the future. 
The estimated PIF carbon stock in this study has uncertainties because of the many generalizations 
and assumptions made. Still, based on data and information available it is probably among the best 
estimate, on pre-industrial carbon storage in northern Sweden, ever made. 
It should be noted that it is not crucial whether it is an absolute correct estimation, rather how the 
trajectory of forest carbon stocks has developed from the pre-industrial stage until today. By considering 
the time it takes to transform an old-growth forest into a managed forest, where the carbon debt has been 
repaid the decision whether to manage or conserve forests depends on where you are on the current 
forest state trajectory. If a forest ecosystem is in a steady state of old-growth or on a downward carbon 
storage trend due to unsustainable harvest, it might be better to direct efforts towards reforestation and 
conservation. But, if an established and sustainable forest management regime is practiced and have 
reached the point of where northern Swedish forests are today, the appropriate alternative is to continue 
management and focus on increased growth and efficient use of biomass to maximize long term climate 
benefit.  
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